ABSTRACT:
The F 1 hybrid between a channel catfish female (Ictalurus punctatus) × a blue catfish (I. furcatus) male outperforms both parental species in most environments. However, reproductive isolating mechanisms between the species made it difficult to mass produce the F 1 hybrid for commercialization until recent improvements in hormone usage. This study was undertaken to mix the genomes of the 2 species in an attempt to obtain faster-growing catfish that would eventually be easier to reproduce. Despite the recent improvements, it would still be advantageous to have an animal that does not require hormone dosing for reproduction and does not require the growing of 2 separate species by breeders. Additionally, a F 1 backcross or a multigeneration backcross has the possibility of being an improvement compared to an F 1 hybrid. At low density, there was no difference in growth between channel catfish and channel-blue F 1 hybrids. At higher densities, the F 1 hybrid grew faster (666 g) than channel catfish (577 g), blue catfish × F 1 (520 g), F 1 × F 1 (508 g), F 1 × channel catfish (436 g), blue catfish (396 g), F 1 × blue catfish (379 g), channel catfish × F 1 (359 g), and F 2 × F 2 (359 g; P < 0.05). The channel-blue F 1 males were heavier than the F 1 females. Individual heterosis had a strong positive effect on growth, whereas individual epistatic recombination loss had a strong negative effect on growth. The channel-blue F 1 hybrid and blue catfish had low coefficients of variation, whereas the F 2 and F 3 hybrids had high coefficients of variation. This gives a high amount of variation for selection, which might be used to select the faster-growing catfish.
INTRODUCTION
Selective breeding of channel catfish (Ictalurus punctatus; Rezk et al., 2003) , common carp (Cyprinus carpio; Moav and Wohlfarth, 1960; Smíšek, 1979) , and salmonids (Donaldson and Menasveta, 1961; Hershberger et al., 1990; Gjedrem 2012) has increased yields and performance of these fish. Usually, fish growth has moderate to high heritability that can be exploited in selection programs. Interspecific hybridization and intraspecific crossbreeding takes advantage of dominance genetic effects and can be used when additive genetic variation is high or low. However, the maximum dominance advantage is present in the first generation (F 1 ) and will be partially lost in future generations. Also, there will be a loss in epistatic superiority of the pure breeds because of segregation and recombination of gametes from crossbred parents known as epistatic recombination loss (Dickerson, 1969 (Dickerson, , 1973 . New additive genetic variance can be introduced from interspecific hybridization in some organisms, and it may be 2 to 3 times greater than that introduced by mutation (Grant and Grant, 1994; Abbott et al., 2013) . The new additive genetic variance, formation of new gene combinations, and production of new genes may be used by fish breeders in selection programs.
Selection of the top-performing higher-generation hybrids may be an alternative for mixing of the genome and selection for the best traits from the original parents (Smith, 1970; Lasley, 1987) , or hybrids could be backcrossed and the top performers selected (Dalton, 1985) . Selection of F 2 , F 3 , or backcrossed catfish hybrids for performance traits may provide a practical source of improved catfish for commercial fish farmers by the formation of a synthetic breed (Bosworth et al., 2003; Bosworth and Waldbieser, 2014) . This paper is the first to compare the growth of channel catfish, blue catfish (I. furcatus), F 1 , F 2 , and F 3 channel catfish female × blue catfish male hybrids and their reciprocal F 1 backcrosses.
MATERIALS AND METHODS
All the procedures involving the handling fish during this study were approved by the Auburn University Institutional Animal Care and Use Committee. Tricaine methanesulfonate was used at 200 mg/L to euthanize a male for testes collection and at 100 mg/L in females for manual stripping of eggs.
The crosses were produced by manual stripping of females after injection with carp pituitary extract. Males were sacrificed, and their testes were removed for fertilization of the eggs (Dunham and Argue, 2000) . The following catfish crosses were produced (female × male): channel × channel, blue × blue, channel × blue (F 1 ), F 1 × F 1 (F 2 ), F 1 × channel, channel × F 1 , F 1 × blue, blue × F 1 , and F 2 × F 2 (F 3 ). Fry were fed Artemia and starter catfish feed (48% protein) for 1 to 2 wk before stocking into ponds.
Fry were stocked in 0.04-ha ponds (18 ponds in yr 1 and 14 ponds in yr 2) limed with 1,120 kg/ha agricultural lime and fertilized with 10-34-0 liquid fertilizer. Ponds were fed ad libitum with 32% protein floating catfish feed. Ponds were harvested after 4 mo, and individual weights were recorded. The fish were heat branded (Dunham and Argue, 2000) to distinguish each cross and were restocked communally.
Fingerlings produced in yr 1 were stocked communally (Dunham et al., 1982b) in one 0.1-ha pond at 11,600 fish/ha, and fingerlings produced in yr 2 were stocked communally in three 0.04-ha ponds at 16,300 fish/ha. Emergency aeration was used if dissolved oxygen was projected to drop below 3.0 mg/L. The catfish produced in yr 1 were harvested at 19 mo of age, and the catfish produced in yr 2 were harvested at 16 mo of age.
Fry with similar dates of spawning and stocking and similar stocking rates did not have weights corrected for initial weight differences in the first-or final year harvests when compared among themselves. Differences in weight between these fish are assumed to be primarily genetic in origin. Fish with final higher stocking rates (higher survival) in the first year had their second-year weights corrected by regression (Dunham et al., 1982b; Wohlfarth and Moav, 1985) .
The phenotypic regression coefficient was calculated as a regression of weight gain on initial weight. Environmental regression coefficient was calculated as follows:
where b E = environmentally generated coefficient of regression of differences in weight on initial weight differences, Y L and Y S = weight gain of the large and small multiply nursed fish, respectively, and X L and X S = initial weights of the large and small multiply nursed fish, respectively. Weight gain was then corrected by (Wohlfarth et al., 1983) 
where Y = corrected weight gain, Y′ = observed weight gain, b = coefficient of linear regression of weight gain on initial weight, x = initial weight, and x = mean initial weight of all tested groups.
Data were analyzed with ANOVA, and if an effect was significant (P < 0.05), t tests were conducted to find differences between means.
Growth of catfish produced in yr 1 was evaluated with the following model:
where µ = the population mean, C = cross (or genotype), and e = error, with i = 1, 2,…, 7 and m = 1, 2,…, n, where n is the number of fish in each cross.
Growth of catfish produced in yr 2 was evaluated with the following model:
where µ = the population mean, P = pond, C = cross (or genotype), S = sex, and e = error, with h = 1, 2, 3; i = 1, 2,…, 8; k = 1, 2; and m = 1, 2,…, n, where n is the number of fish in each cross. Combined growth from both years was evaluated with the following model:
where µ = the population mean, E = year, C = cross (or genotype), and e = error, with h = 1, 2; i = 1, 2,…, 9; and m = 1, 2,…, n, where n is the number of fish in each cross.
The following multiple regression model was used to analyze growth: The model results in a singular matrix (Table 1) because the sum of the additive genetic effects is equal to 1. Additive genetic effects were computed as deviations from blue catfish to remove this dependency. After this restriction was imposed on the matrix, the multiple regression model became
where E j = generations mean of the jth group, b o = least squares means for blue catfish, b A = partial regression coefficient for channel catfish additive genetic effects, A ch = channel catfish additive genetic effects, b HI = partial regression coefficient for individual heterosis, H I = individual heterosis (dominance effects), b HM = partial regression coefficient for maternal heterosis, H M = maternal heterosis, b RI = partial regression coefficient for epistatic recombination loss, and R I = epistatic recombination loss. The multiple regression model followed Dickerson (1969) and Tave et al. (1989 Tave et al. ( , 1990 ).
RESULTS AND DISCUSSION
There was no correlation between stocking rate and harvest weight in yr 1 fry originally stocked at less than 4,700 fry/ha (P = 0.84; r 2 = 0.003) and in yr 2 fry stocked at less than 22,250 fry/ha (P = 0.19; r 2 = 0.138). Also, there was no correlation between initial weight and final weight in the first season's growth (P = 0.241; r 2 = 0.122). Consequently, growth differences between these crosses were not due to differences in initial weight or stocking rates, and weights did not need to be corrected for these environmental effects. These fish were stocked at low densities, which did not allow competition with other fish to slow their growth. The final weights of these crosses were also compared directly with each other (within year) without correction because differences were primarily genetic (Tables 2 and 3) .
First-year growth of blue catfish was equally poor in both years (Tables 2 and 3 ). The blue catfish originally stocked in the first year died before final harvest, but the blue catfish from the second year grew faster than the channel catfish backcrosses and the F 1 × blue catfish in the second summer of growth.
The F 1 × channel catfish and channel catfish grew faster than the other crosses at the low stocking densities (Table 2) . However, at the higher stocking densities these 2 crosses grew poorly during the first summer of growth (Table 3 ). The F 1 × channel catfish cross in the first year may be biased by low sample size ( Table 2 ). The number of backcross families was low because of reduced reproductive capacity of F 1 hybrids (Dunham and Argue, 2000) and apparent reproductive isolating mechanisms between them and the parent species. However, the 16 mo BW of each of the 4 possible F 1 backcrosses was significantly less than that of channel catfish, and the BW of all but 1 of the possible F 1 backcrosses was significantly less than the poor performing blue catfish. It is unlikely that family effects would alter the apparent trend and conclusion that the growth rate of F 1 backcrosses of channel catfish and blue catfish grows quite slowly.
Channel catfish grew faster than all the genotypes except the F 1 hybrid during the second summer, whereas the F 1 × channel catfish continued to grow poorly (Table 3) . Dunham et al. (1990) also found channel catfish had more rapid growth than F 1 hybrids at low densities but not at high densities during the first growing season. The different rankings at different densities are consistent with previous research. However, channel catfish grew to market size faster than the F 1 hybrid when stocked at low densities, contrary to the findings of Dunham et al. (1990) . The strains of catfish (Marion and Kansas) used were selected for growth, which may also explain their better growth. Yant et al. (1975) found channel catfish and F 1 hybrids to have equal growth in an unreplicated treatment when grown at 2,400 fish/ha. The channel × blue F 1 hybrid did not grow rapidly in the first year but grew rapidly in the final growing season of both years (Tables 2 and 3) . Dunham et al. (1982a Dunham et al. ( , 1987 found that channel catfish grew faster in the first growing season, but the F 1 hybrid surpassed the channel catfish during the second growing season.
The F 2 hybrid grew rapidly in the first growing season of both years but did not grow well in the final growing season. Dupree and Green (1969) found that the F 1 hybrid had better weight gain and feed conversion than the F 2 hybrid. The F 2 and F 3 hybrids produced in the first year exhibited a broad range in growth (1,600-g range from largest to smallest in each genotype) and had more variation than the F 1 hybrid (F = 2.63 and 2.2, respectively; P < 0.05).
There was a significant positive correlation between initial weight of fingerlings stocked communally at 11,600 fingerlings/ha and their final weight (P < 0.0001; r 2 = 0.89). The phenotypic regression coefficient (Dunham et al., 1982b; Wohlfarth et al., 1991) between initial weight and weight gain for all crosses was 3.828. The environmental regression coefficient of weight gain on initial weight as determined by multiple nursing (Wohlfarth and Moav, 1985) was 3.71 for F 2 hybrids, 3.97 for F 1 hybrids, and 3.98 for channel catfish. The phenotypic regression coefficient was used as a correction factor for the catfish produced in yr 1 (Table 4) .
The regression coefficient for correcting weight gain was 2.8 for different strains of channel catfish, 3.7 for different species of ictalurids, and 1.7 for parent-hybrid crosses (McGinty, 1987) . Only channel catfish, blue catfish, channel × blue catfish, and blue × channel catfish were included in the parent-hybrid crosses, which may account for the low regression coefficient of 1.7. The regression coefficients found in this study are comparable to those found between different species of catfish. The catfish produced in the first year were grown longer and to a larger size, which further magnifies initial weight differences (Wohlfarth and Moav, 1972; Dunham et al., 1982b) . The phenotypic regression coefficient often inflates the correction factor in common carp (Wohlfarth et al., 1991) . This inflation was not found in this study in comparison with the environmental regression coefficient.
Genotype had a significant effect on the growth model at the lower density (P < 0.01). The channel catfish and F 1 hybrid grew faster than the other crosses (Table 4 ). The Table 2 . Growth of yr 1 channel catfish (Ch; Ictalurus punctatus), blue catfish (Bl; I. furcatus), and their channel female (F) × blue catfish male (M) F 1 , F 2 , F 3 and backcross hybrid fry originally stocked at less than 4,700 fry/ha in the first summer of grow out and stocked at 11,600 fingerlings/ha for the second year food fish production blue catfish had more uniform growth (CV = 17.4%) than the other crosses (F = 4.4 to 31.0; P < 0.01). The F 2 , F 3 , and F 1 × channel catfish had higher variation in growth (CV of 62.0, 93.8, and 110.4, respectively) than the F 1 hybrid (F = 3.01, 6.24, and 5.78, respectively). There was no significant correlation between initial and final weights in fingerlings stocked communally at 16,300 fingerlings/ha (P = 0.63; r 2 = 0.02); consequently, these crosses were not corrected for initial weight differences (Table 5) . Genotype, pond, genotype × pond, and genotype × sex had significant growth effects (P < 0.01). There was a significant interaction between genotype and pond because the rankings of channel × F 1 , F 1 × channel, and F 1 × blue changed between ponds. The F 2 hybrid grew well in the fastest-growing pond (ranked third) but only ranked fifth in the other 2 ponds. We consider the change in rankings to be biologically insignificant. It is significant that the F 1 hybrid had the best growth in all the ponds, followed by the channel catfish.
Maternal heterosis in the second year had a negative effect on growth (Table 6 ). Crosses with a hybrid dam grew slower than crosses with channel catfish or blue catfish dams (305, 511, and 396 g, respectively; P < 0.05). The backcrosses and F 2 hybrids had fish with weight gains less than 100 g (Table 5 ). All the channel catfish and blue catfish weight gains were greater than 100 g, and all the F 1 hybrid weight gains were greater than 350 g. Consequently, all the F 1 hybrids were at harvestable size, and the other crosses had fish of unharvestable, small size at final harvest.
In yr 1 the blue catfish had very little variation in weight gain (Table 4 ) and had more uniform growth than the other crosses (P < 0.01). There was no significant difference in variation among crosses in yr 2 (P > 0.05; Table 5 ), although the observed CV from the F 1 hybrid was approximately half that of all the other genotypes. This is in contrast to the literature, which reports high uniformity in weight for blue catfish (Brooks et al., 1982; Dunham et al., 1982a Dunham et al., , 1994 .
Both year classes combined had significant genotype, year, and genotype × year interactions (P < 0.01). In the first year, fish were grown to a larger size and were held at lower densities than in the second year. Rankings changed between years as the channel catfish performed as well as the F 1 hybrid at low density, but the F 1 hybrid grew better at high densities. a-e Within a column, means without a common superscript differ (P < 0.05). 
0.115*** 0.401*** 0.153*** *P < 0.10; **P < 0.05; ***P < 0.01.
Growth data from both years produced a phenotypic regression coefficient of initial and final weight of 3.35 (P < 0.0001; r 2 = 0.702). The channel × blue F 1 hybrid grew faster than all the crosses, followed by the pure channel catfish (Table 7) . The variation in growth in the F 3 hybrid was higher than in all the crosses (F = 2.17 to 6.02; P < 0.05) except the F 2 hybrid (F = 1.38; P > 0.1).
In Alabama, most channel catfish strains had better growth rates than blue catfish at all densities (Dunham et al., 1990) , as found in this study. In Mississippi, blue catfish and channel catfish had equal growth in the second summer (9,694 fish/ha), but the channel catfish grew faster than the blue catfish through the winter (8,078 fish/ha) and third summer (5,132 fish/ha; Grant and Robinette, 1992) . There was no significant difference between the harvest weight of blue catfish and channel catfish, but the percent weight gain was higher in blue catfish in Kentucky (Tidwell and Mims, 1990) . Blue catfish grow better at colder temperatures than channel catfish (Tidwell and Mims, 1990) ; however, the growth of blue catfish was poorer than channel catfish in the winter in Mississippi (Grant and Robinette, 1992) , which may be related to the different strains of fish studied.
Individual heterosis (dominance effects) had the largest positive effect on weight gain (Table 6 ). Channel catfish additive genetic effects were also positive. The stronger channel catfish additive genetic effect was observed in the year the catfish were grown at low density because growth of the channel catfish was equal to the F 1 hybrid at lower densities. On average, the F 1 hybrid grew 20% faster than the channel catfish (Dunham et al., 1987) . In this study, the F 1 hybrid grew 15% faster than the channel catfish (both years combined in Table 7) .
Maternal heterosis had a small positive effect on growth with data combined from both years. However, maternal heterosis had a negative effect on growth at high stocking rates and a positive effect at lower stocking rates. The low-density year did not include data from the F 1 × blue catfish cross, which grew slowly and reduced maternal heterosis in the second year. Individual epistatic recombination had a large negative effect on growth in both years. Regression coefficients for channel catfish additive genetic effects, individual heterosis, and individual epistatic recombination loss explain the good growth of the F 1 hybrid and channel catfish and the poor growth of the F 3 hybrid (Table 7) .
There was a significant interaction between genotype and sex (P < 0.01). There was a large difference in weights between male and female F 1 hybrids (P < 0.01) and a smaller difference in F 1 × blue catfish and F 2 hybrid males and females (P < 0.1; Table 8 ). Dunham et al. (2014) observed large differences between gender and weight among some F 1 hybrid strains, and other strain crosses of F 1 hybrids showed no difference between sex and weight. F 2 hybrid females weighed 87 g more than the males (P < 0.1). Dunham et al. (1985) and Brooks et al. (1982) found male channel catfish were 40% and 29% heavier, respectively, than females. There was no difference in weight between male and female channel catfish in this study. Simco et al. (1989) found an 11% difference in fish with an age similar to those in this study. Sexual dimorphism has not been found to occur in blue catfish until they are 3 yr old (Dunham et al., 1993) . Blue catfish male and female weights were not statistically different in this study.
All of the crosses in this study had more observed males than females (52.7% to 62.7%), but there was no difference in the percentage of males between the crosses, and they were not significantly different from 50% male (P > 0.05), except the channel × F 1 hybrid, which was skewed toward males (P < 0.005). Rezk et al. (2003) also reported sex ratios skewed toward males in Marion and Kansas strains of channel catfish. Goudie et al. (1994) found 59% to 65% males, Galvez et al. (1995) a-e Within a column, means without a common superscript differ (P < 0.05). *P < 0.10; ***P < 0.01. a-d Within a column, means without a common superscript differ (P < 0.05).
found 50% to 65% males, and Goudie et al. (1993) found 51.5% males. These reported sex ratios were in the range found in this study.
There are several examples of introgressive hybridization in aquaculture animals, and just a few examples are presented for discussion (Argue and Dunham, 1999; Bartley et al., 2000) . The F 1 hybrids of beluga (Huso huso) × sterlet (Acipenser ruthenus), called bester, have normal gonads (Burtsev, 1972 ) , and backcrossed male bester produced viable fry. F 2 bester had substantial weight differences between individuals that should allow for effective selection of fast-growing fish (Steffens et al., 1990) . The F 2 hybrid had a decrease in heterosis, but backcrosses to beluga exceeded the F 1 hybrid and beluga in growth (Hickling, 1968; Nikoljukin, 1971a, b) . In Europe, the average weight of the F 2 hybrid equaled the F 1 hybrid, and the backcross beluga × bester grew faster than the F 1 hybrid (Steffens et al., 1990) . Burtsev and Serebryakova (1973) backcrossed the bester and produced F 3 bester with the goal of selecting for early maturity and good growth in freshwater. The F 1 and backcross bester was the best sturgeon for fish culture, but its production was limited by the number of available parental spawners (Kirpichnikov, 1987) . However, breeding and selection of the bester has great promise because of the wide phenotypic variation present in the F 2 hybrid and the increased performance of the beluga backcross.
After several generations of line breeding, the bester, an artificial breed, appears to have been established specifically for fish farming (Purdom, 1993) . Beluga and sterlet have the same diploid complement of chromosomes (118) but have many differences in chromosome structure (Arefjev, 1989) . F 1 and F 2 bester have a high amount of variation in the number of biarmed and microchromosomes. This variation declines in the F 3 hybrid by elimination of some microchromosomes and the apparent selection of the sterlet complement of biarmed chromosomes. The F 3 hybrid may represent the formation of a new breed.
Backcrosses of palmetto bass (striped bass [Morone saxatilis] female × white bass [M. chrysops] male) × white bass were hardy and had no significant difference in growth compared with palmetto bass (Kerby and Harrell, 1990) . The palmetto bass × striped bass cross had good growth and survival, and this cross has potential for commercial culture. Sunshine bass (white bass × striped bass) grew faster than both parents and F 1 or F 2 palmetto bass (Smith et al., 1985; Rudacille and Kohler, 2000) . There were substantial growth variances in the F 2 hybrid, and the size frequency distribution was broad and nonmodal. F 2 hybrid and striped bass growth were the same in tanks.
Red tilapia (Oreochromis spp.) was first produced in Taiwan and has developed into a stable, reproducing strain (Kuo, 1988) . Some red tilapia have a high frequency of genes from Mozambique tilapia (Oreochromis mossambicus), followed by Wami tilapia (O. urolepsis), and a low frequency from blue tilapia (O. aureus) and Nile tilapia (O. niloticus; Brummett et al., 1988) . Tilapia hybrids show large dominance effects for BW and cold tolerance, and tilapia production in Israel is based largely on interspecific hybrids (Cnaani et al., 2003) . In Asia, a synthetic breeding population of red tilapia has been produced and exhibits high additive genetic variation for a number of production traits (Pongthana et al., 2010; Thodesen et al., 2013) F 1 hybrids of female channel catfish × male blue catfish show overdominance in growth (Giudice, 1966; Yant et al., 1975) . Weight gain and feed efficiency ere less in the F 2 hybrid than in the F 1 hybrid (Dupree and Green, 1969) .
Channel × (channel × blue catfish), (channel × blue catfish) × white catfish (Ameiurus catus), blue × (channel × blue catfish), white × (channel × blue catfish), and channel × blue catfish F 1 and F 2 hybrids were produced for performance testing in aquaria, troughs, and ponds (Giudice, 1970) . In aquaria, F 1 × white catfish grew the fastest in 70 d (to 35 g). The channel × F 1 grew faster than the pure channel catfish. However, in troughs, the channel catfish grew faster. In ponds, pure white and channel catfish grew faster than the F 1 × white catfish outcross.
The backcrosses in this study may be able to spawn naturally because they are expected to have 75% blue catfish or 75% channel catfish genes. In some cases for some traits, F 1 backcrosses (both intraspecific and interspecific) can exhibit epistasis and heterosis, resulting in increased performance compared to parents and F 1 (Koger et al., 1975; Behrends and Smitherman, 1984; Tave et al., 1990; Li et al., 2008) . However, that was not the case for growth of F 1 backcrosses from channel catfish and blue catfish. They exhibited average to poor performance in the traits evaluated. However, there was a large amount of variation within the crosses that may allow for selection of desired traits. None of the backcrosses performed better than the other backcrosses, but the channel × F 1 backcross had the lowest observed ranking among the backcrosses for growth.
The channel × blue F 1 hybrid had the highest observed ranking in growth. Individual heterosis had positive effects on weight gain. However, it is relatively difficult to mass produce the F 1 hybrid fry because reproductive isolating mechanisms prevent spawning between the 2 species (Su et al., 2013) , but recent improvements allow large-scale application, with an estimated 175 million F 1 hybrid fry produced in 2013 (B. Bosworth, Catfish Genetics Research Unit, Stoneville, MS, USA, personal communication). Despite recent improvements in hybrid fry production, improvements are still needed (Gima et al., 2014) as the current protocol to make the hybrid embryos is labor intensive and requires skill that not all hatcheries possess. A synthetic catfish breed could be a practical source of improved catfish (Bosworth et al., 2003; Bosworth and Waldbieser, 2014) for commercial farmers, and it may have the advantage of less or no hormone usage for reproduction and would not require the spawning and grow out of 2 different species to produce hybrid fry.
Additive genetic effects were significant for weight gain. It may be possible to select the higher-generation hybrids and/or the backcrosses for the positive traits expressed in the F 1 hybrid as has been done in bester and red tilapia. If they could reproduce, then large numbers of improved catfish would become available for the commercial catfish industry. However, the higher-generation backcrosses would need to be improved for several traits to be genetically comparable to F 1 channel-blue hybrid catfish (Dunham et al., 2008; Dunham 2011) . Thus, the effects of interspecific backcrossing need to be evaluated for several commercial traits.
